The maximum light use efficiency (LUE = gross primary production (GPP)/absorbed photosynthetic photon flux density (aPPFD)) of plant canopies has been reported to vary spatially and some of this variation has previously been attributed to plant species differences. The canopy nitrogen concentration [N] can potentially explain some of this spatial variation. However, the current paradigm of the N-effect on photosynthesis is largely based on the relationship between photosynthetic capacity (A max ) and [N], i.e., the effects of [N] on photosynthesis rates appear under high PPFD. A maximum LUE-[N] relationship, if it existed, would influence photosynthesis in the whole range of PPFD. We estimated maximum LUE for 14 eddy-covariance forest sites, examined its [N] dependency and investigated how the [N]-maximum LUE dependency could be incorporated into a GPP model. In the model, maximum LUE corresponds to LUE under optimal environmental conditions before light saturation takes place (the slope of GPP vs. PPFD under low PPFD). Maximum LUE was higher in deciduous/mixed than in coniferous sites, and correlated significantly with canopy mean [N]. Correlations between maximum LUE and canopy [N] existed regardless of daily PPFD, although we expected the correlation to disappear under low PPFD when LUE was also highest. Despite these correlations, including [N] in the model of GPP only marginally decreased the root mean squared error. Our results suggest that maximum LUE correlates linearly with canopy [N], but that a larger body of data is required before we can include this relationship into a GPP model. Gross primary production will therefore positively correlate with [N] already at low PPFD, and not only at high PPFD as is suggested by the prevailing paradigm of leaf-level A max -[N] relationships. This finding has consequences for modelling GPP driven by temporal changes or spatial variation in canopy [N].
Introduction
Forest productivity varies greatly within the temperate and boreal vegetation zones. Gross primary productivity (GPP) models based on the concept of light use efficiency (LUE) try to explain this variability, typically by assuming that vegetation has a certain maximum LUE and that the variability in GPP is primarily caused by differences in intercepted photosynthetic photon flux density (PPFD) and environmental constraints that regulate actual LUE (Monteith and Moss 1977 , Kumar and Monteith 1981 , Landsberg and Waring 1997 . Recently, the maximum LUE-the LUE reached in optimal conditions-has also been reported to vary by plant functional type (PFT) (Turner et al. 2003 , Kergoat et al. 2008 . Models of GPP, on the other hand, differ in their assumptions about the variation of maximum LUE, which is an important parameter. Some models assume that it is constant, while others assume that it varies by biome or PFT (cf. Running et al. 2000 , Yuan et al. 2007 . Replacing maximum LUE variation by biome, PFT or species with a general approach could potentially improve the accuracy of global GPP estimates.
Recent studies have reported that canopy mean leaf nitrogen concentration [N] (on a mass basis) correlates with shortwave surface albedo and near-infrared reflectance (800-1200 nm; Ollinger et al. 2008 , Fisher 2009 , Ollinger et al. 2009 ) and that maximum LUE correlates with canopy [N] (Kergoat et al. 2008) . Because [N] can be remotely sensed (Ollinger et al. 2008) , this would facilitate continuous detection of spatial variation (within and across PFTs or species) in GPP. One could thus derive better GPP estimates by measuring canopy [N] remotely over large spatial scales and incorporating canopy [N] effects on maximum LUE into GPP models, which already account for the other environmental factors that influence GPP.
It has long been known that leaf photosynthetic capacity, i.e., the light-saturated rate of photosynthesis (A max ), is correlated with leaf nitrogen concentration on an area and mass basis (Field and Mooney 1986 , Evans 1989 , Reich et al. 1995 , Wright et al. 2004 . A max is related to the capability of Rubisco to catalyse RuP 2 (ribulose-1,5-bisphosphate) carboxylation, because RuP 2 accumulates quickly under high irradiation (Farquhar et al. 1980) . A large share of total leaf N is bound in Rubisco (Field and Mooney 1986, Evans 1989) . However, apparent quantum yield of photosynthesis (q), i.e., the slope of photosynthesis with PPFD under low PPFD, has not been reported to change with [N] . Canopy response may, however, differ from that of single leaves.
Dense canopies have a high proportion of shaded foliage, which facilitates high LUE under high incident PPFD (assuming growing conditions are close to optimal), although the top of the canopy is light saturated. Canopy structure also varies vertically, which is likely to promote high LUE under high irradiance: leaf [N] per area, morphology, structure and orientation change with depth in the canopy (Ellsworth and Reich 1993 , Stenberg et al. 1995 , Kull and Niinemets 1998 ).
Despite these canopy-level mechanisms, measurements have confirmed the reduction of actual LUE of canopies under high PPFD (Schwalm et al. 2006 , Ibrom et al. 2008 , which can be at least partly explained by the leaf-level A max -irradiance relationship and the distribution of irradiance within the canopy (Medlyn 1998) . Due to the acclimation of canopies to canopy gradients in PPFD, the actual LUE of the canopy is, however, likely less sensitive to canopy mean [N] than leaf A max is to leaf [N] . We hypothesize that maximum canopy LUE, on the other hand, is not related to [N] as it occurs under low PPFD, given that there is no reported q- [N] relationship on leaf level.
Recent studies based on eddy-covariance measurements have still reported correlations between maximum canopy LUE and mean [N] (Green et al. 2003 , Kergoat et al. 2008 , Ollinger et al. 2008 . However, use of various definitions for maximum LUE complicates the comparison between theory and observations. Xiao (2006) has pointed out that estimates of maximum LUE depend on the type of model they are estimated with. Non-linear models accounting for light saturation tend to have a higher maximum LUE than models that estimate LUE based on a linear regression of GPP on aPPFD. It is also possible that the estimation method for maximum LUE influences its [N] relationship. According to Kergoat et al. (2008) , maximum daily LUE is significantly correlated with [N] , but their LUE definition was based on days having high values of half-hourly GPP. Light use efficiency of high GPP days could be more sensitive to [N] , as these days are likely to have high PPFD as well. Ollinger et al. (2008) reported a LUE-[N] relationship whereby maximum LUE apparently accounted for light saturation but was estimated under 'reasonable "full-sun"' day conditions when other environmental factors were the least limiting. Schwalm et al. (2006) , on the other hand, did not find a [N] relationship in peak growing season LUE estimates across nine sites. There has also been a long tradition of defining LUE on the basis of net primary production (NPP) (Monteith and Moss 1977) , whereby a LUE-[N] relationship has been reported (Green et al. 2003 ). However, GPP should provide a better basis for assessing the direct environmental effects on photosynthesis (Goetz and Prince 1999) . Mäkelä et al. (2008) built a GPP model that was fitted empirically to data from five eddy-covariance forest sites. The maximum LUE of that model, which was called 'potential LUE' of a canopy, is, by definition, unaffected by weather and irradiance, whereas the actual daily LUE is influenced by these environmental factors. According to Mäkelä et al. (2008) , daily temperature, vapour pressure deficit (VPD) and absorbed PPFD accounted for most of the daily variation of GPP in the model but unexplained variation remained in the site-specific maximum LUE, which correlated linearly with canopy [N] (Mäkelä et al. 2008) . Based on the hypothesis represented above, this correlation could have emerged from the effects of [N] on GPP under high PPFD. Introducing such a linear response to the model could therefore overestimate GPP under low PPFD.
The objectives of this study were to investigate the relationship of mass-based canopy mean [N] and maximum LUE. Two methods to estimate daily maximum LUE were used: (i) the potential LUE is estimated as a site-specific parameter of the GPP model, and (ii) the maximum actual LUE is estimated as the highest actual LUE detected at the site. This estimate is obtained directly from eddy-covariance sites' GPP and aPPFD data, as the upper percentiles of the observed distributions of the ratio of daily GPP to daily aPPFD, and it is estimated for all days, and days with low, medium and high PPFD. In this study, both maximum LUEs were determined for 14 eddy-covariance forest sites, and their relationships with canopy mean [N] were studied across the sites. We hypothesized that the maximum actual LUE will not correlate with [N] because maximum LUE should occur on low PPFD days when the GPP is not light saturated. The LUE of high PPFD days, on the other hand, will have a strong [N] relationship, and some of this relationship is also reflected in potential LUE estimated with the model. We further investigated how [N] could be incorporated into the model, and whether its inclusion will improve the performance of the model.
Materials and methods

Gross primary productivity model
The GPP model, Prelued, used in this study is adopted from previous work of Mäkelä et al. (2008) . Prelued predicts photosynthetic production P k (GPP, g C m −2 day −1 ) during day k:
where β is the potential LUE (g C mol PPFD −1 ), ϕ k is photosynthetic photon flux density (PPFD, mol m −2 ) during day k, f APAR,k is the fraction of PPFD absorbed by the canopy during day k and f i,k are other modifiers that account for the suboptimal conditions i of day k. All modifiers range from 0 to 1. The Appendix lists the symbols and units used in this study. Actual LUE β k (g C mol PPFD −1 ) of the site on day k is the product of potential LUE and the current values of the modifiers:
Here we briefly introduce the methodology of the f i -modifiers that scale down the potential photosynthetic production with suboptimal conditions during the day. More details and a figure about f i -modifier responses to the environment are provided in Mäkelä et al. (2008) . The light modifer (f L ) scales down the potential photosynthetic production with high PPFD on day k, with
For low incident PPFD, this modifier approaches unity. On cloudy days, PPFD is generally lower, and a larger fraction of it is diffuse, which promotes high LUE and canopy quantum yield (Gu et al. 2002 , Schwalm et al. 2006 ) because a more even distribution of PPFD within the canopy enhances GPP (Roderick et al. 2001) . Our f L is not, however, restricted to effects of diffuse fraction or cloudiness but rather describes overall effects of light saturation of LUE. The effects of VPD on GPP are accounted for with the f D -modifier, which scales down potential photosynthetic production in the canopy with high values of VPD, D (kPa):
To account for the temperature-related effects, we used a modifier for temperature acclimation (Mäkelä et al. 2004 ). The following functions describe its behaviour:
where the state of acclimation S k (°C) is estimated using a firstorder dynamic delay model for X k (°C), which is the a priori estimate for the state of acclimation. It is influenced by the ambient temperature T k (°C) on day k, and its value for the previous day (X k−1 ). τ is a constant related to the speed of response of the current acclimation status to changes in T k . X 0 (°C) is a threshold for X k defining the low limit above which S k starts to increase f S , and S max (°C) is the value where the acclimation modifier reaches its optimum.
The Prelued model with its f L -modifier (when f S , f D and f APAR are unity) is analogous to the frequently used rectangular hyperbola photosynthesis model where GPP saturates to parameter P max , with initial slope q (i.e., apparent quantum yield) at zero PPFD:
The parameters of this model can be obtained from Prelued parameters as follows: P max = β/γ and q = β. The analogy suggests that if [N] influences β, P will be influenced in the whole range of PPFD. Using the analogy, we also studied if [N] influenced only P max , i.e., P would be influenced by [N] only under high PPFD.
Determination of potential LUE
The parameterization procedure for the Prelued model was adopted from Mäkelä et al. (2008) , where it is described in more detail. Equation (1) was parameterized to yield estimates for potential LUE (β) and the parameters of the f L and f D modifiers γ and κ. Table 1 lists all model versions that were parameterized in this study. In Model 1, β was allowed to vary by site and the parameters were estimated with non-linear regression:
where subscript s stands for site. While β s was site specific, the parameters for modifiers f i were shared across the sites. ε s,k is a random error term that was assumed to be normally distributed.
We also fitted two additional models in order to confirm whether [N] influenced P max rather than q. In these models, (i) γ of the f L was site specific and β shared, and (ii) both γ and β were site specific.
In the parameterization of Model 1, the parameters γ, κ and β s were estimated conditionally to the parameters of the f S -modifier, τ, X 0 and S max . First a coarse resolution grid of τ, X 0 and S max values was generated. The model parameters γ, κ and β s , and the root mean square error (RMSE) of the model were estimated for each grid point. The RMSE values of the coarse grid were examined and a fine dense grid was generated for the region with the smallest RMSE in the coarse grid. Model parameters γ, κ and β s , and RMSE were then estimated for the fine grid, and the parameter set that had the smallest RMSE in the non-linear regression was selected as the final model parameter set.
Model 2 was similar to Model 1, except that β was shared across the sites. This corresponds to the hypothesis that potential LUE is invariable across sites.
The Model 2 fit was made conditional to values of τ, X 0 and S max obtained from the Model 1 fit, as the model was previously found to be rather insensitive to τ, X 0 and S max , whether site specific or not (see Table 2 in Mäkelä et al. 2008 ).
The parameters were estimated using the nls-function in R (R Development Core Team 2009); all other analyses were also conducted in R. To estimate maximum actual LUE, we first estimated actual daily LUE as the ratio of daily GPP to aPPFD (see the first part of Eq. (2)). To exclude outliers in the data, observations of LUE further away than 3 standard deviations (SD) from the mean (i.e., 0.25% of observations) were discarded. In addition, observations where PPFD was lower than 0.1 times the growing season average of the site were removed because very small values of PPFD increase the uncertainty of actual LUE.
Determination of maximum actual LUE
The maximum actual LUE at each site was estimated as the 98th percentile of all daily LUE. The same choice of percentile was made in Kergoat et al. (2008) . The downside of estimating LUE in this way is the sensitivity of maximum actual LUE to subjective decisions upon the percentile. High percentiles are generally also sensitive to outliers. Therefore, in addition to using a fixed 98th percentile of all daily observations for each site we also used other percentiles above or equal to the 95th percentile, and tested their relationship with canopy mean [N] . Note also that our approach differs from that of Kergoat et al. (2008) in one essential way. They estimated maximum daily LUE from days with the highest GPP (when PPFD is generally high), whereas we defined it from its own percentile, i.e., using all days. High GPP does not necessarily generate high LUE as the latter is also affected by absorbed PPFD. We also estimated B s for subsets of low (2-25 mol m −2 ), medium (25-50 mol m −2 ) and high ( >50 mol m −2 ) PPFD days in order to examine PPFD dependency of the B s -[N] relationship.
Regressions to explain LUE variability
In order to explain the across-site variation of estimated potential and maximum actual LUE ( β s , B s ), we performed linear regressions of LUE against canopy mean [N] (dry mass based), Variation in canopy light use efficiency across 14 contrasting forest sites 203 
Canopy nitrogen f-modifiers
The possibility of including canopy mean [N] in our GPP model was studied by the introduction of f N -modifiers. We wanted to test whether we could improve the model in comparison to a model where the LUE parameter is shared, and if there would be a change in other parameter estimates (κ and γ) due to the inclusion of [N] . For this purpose, we incorporated an f N -function into Model 2. Three alternative f-modifiers that can represent different shapes of the potential LUE-[N] relationship were formulated. These f-modifiers multiply our original model (Eq. (7)):
When multiplied with the shared β model (Model 2), Eq. (8) yields 'Model 3', Eq. (9) yields 'Model 4', Eq. (10) yields 'Model 5', and Eq. (11) yields 'Model 6'.
The first modifier (Eq. (8)) was directly derived using linear regression of [N] to fitted β s , so no additional parameter estimation was required in that case. In contrast, parameters β, γ and κ of Models 3 and 4 were estimated simultaneously with the ρ parameters of Eqs. (7) and (8).
Two other modifiers were incorporated into the model fit in order to see whether possible correlation of modifiers will affect the form of the [N] response, and to estimate the values of their parameters (ρ N,j , where subscript j = u and j = sat marks parameters for Models 4 and 5, respectively). Modifiers in Models 4 and 5 differ in one essential aspect from each other. The former can take a non-saturating form with increasing [N] when its parameter ρ N,u is negative, whereas the latter has a saturating response to increasing [N] , which was weakly evident in the data of Kergoat et al. (2008) . Note also that the formulations of modifiers for Models 3 and 4 can change the meaning of the LUE parameter, as they are not necessarily bounded between [0, 1] . However, since we were testing the shape of the response to canopy mean [N], this effect was not regarded as essential.
The fourth N-response model was incorporated into the f L -modifier, so that the N-effect is dependent on PPFD and influences the saturation level of GPP but not the potential LUE:
In the context of Eq. (6), [N] linearly increases P max but does not influence q. Replacing f L with f L,N , 'Model 2' yields 'Model 6'.
Lastly, the models were compared with respect to the RMSE and R 2 adj values of the non-linear regressions.
Data
We used data from 14 forest sites located across the northern hemisphere with eddy-covariance measurement towers ( Table 2) . Ten of the sites were coniferous, one deciduous and Variation in canopy light use efficiency across 14 contrasting forest sites 205 Lloyd et al. (2002) three mixed. The sites were contrasting in terms of LAI, stand structure, age and GPP (Table 2 ). There were 1-8 years of daily data at each site, for a total of 53 site-years. For five of the sites in Europe (Sodankylä, Hyytiälä, Norunda, Tharandt and Bray) and two in North America (Metolius and Northern Old Black Spruce (NOBS)), the data have been described and their estimation processes documented in our previous work (Mäkelä et al. 2008) . The slight changes made here in the processing of the Metolius and NOBS data are explained below. For the seven new sites (Abisko, Brasschaat, Renon, Sorø, Teshio, Wind River and Zotino), the data were obtained via the site Principal Investigators, except for Brasschaat and Renon whose data were taken from the CarboEurope-IP database (http://gaia.agraria.unitus.it/database/carboeuropeip/, Level 2 data for Brasschaat, Level 3 and 4 data for Renon).
Daily totals of above-canopy PPFD (mol m −2 ) and daily means of air temperature (°C) and VPD (kPa) were computed from gap-filled half-hourly measurements. If >30% (14/48) of the half-hourly observations per day were gap filled, the daily value was treated as missing. This rule was also applied to the NOBS data that were not filtered for missing observations in the previous work.
Daily totals of ecosystem GPP (g C m −2 ) were summed from half-hourly estimates. Half-hourly GPP was estimated as the difference between measured net ecosystem exchange (NEE) and estimated total ecosystem respiration (TER). Half-hourly TER was modelled from half-hourly night-time NEE as a site-specific function of air temperature, soil organic layer temperature, top soil temperature or/and soil moisture. This dependence of night-time TER on temperature or/and soil moisture was then extrapolated to daytime, and the half-hourly daytime GPP was computed by subtracting the estimated TER from the measured NEE. Before these computations, half-hourly NEE was filtered with site-specific criteria for turbulence and atmospheric stability. When the NEE measurement was discarded or missing, either NEE was gap filled, or GPP was directly estimated as a saturating function of PPFD or global radiation. If >30% of the half-hourly NEE observations were inadequate or missing, the daily value of GPP was coded as missing, except at Hyytiälä (years 1997-2000 and 2004) , Metolius, NOBS, Abisko, Brasschaat and Teshio, where the proportion was relaxed to 50% (24/48) to keep the number of missing daily GPP values reasonable. The GPP estimation procedure is documented in more detail in Duursma et al. (2009) for Brasschaat, in Takagi et al. (2009) for Teshio, in Falk et al. (2008) for Wind River, and in Lloyd et al. (2002) for Zotino; for Renon and Sorø, the estimation followed the CarboEurope-IP practice (Reichstein et al. 2005) ; for NEE gap filling, see also Falge et al. (2001) and Wang et al. (2003) . In Table 2 , the average annual total GPP over the observation years in the data is given for each site.
Daily totals of aPPFD were estimated as site-specific fractions (f APAR ) of daily totals of above-canopy PPFD. At the coniferous sites, f APAR could be estimated reasonably precisely as constant over time. At Renon and Wind River, f APAR was estimated from daily PPFD measurements taken above and below the canopy. At Zotino, f APAR was obtained with the Lambert-Beer law, using projected LAI and an extinction coefficient of 0.75 based on the model simulations by Alton et al. (2005) . At Metolius, the unrealistically low f APAR value used in Mäkelä et al. (2008) was corrected by substituting projected LAI and an extinction coefficient of 0.48 in the Lambert-Beer equation. At the deciduous and mixed sites, seasonal variation was incorporated in f APAR (Figure 1) . At Abisko, Sorø and Teshio, f APAR was estimated from daily PPFD measurements, taken above and below the canopy as a piecewise linear function of day of year. At Brasschaat, f APAR was estimated from light interception output of model simulations (Duursma et al. 2009 ) based on half-hourly PPFD, air temperature and VPD in the data, and seasonally changing LAI taken from Gond et al. (1999) , and resulting in a combination of a constant and a quadratic function of day of year. Due to inadequate data, ground vegetation was not accounted for, except at Brasschaat where the LAI used in the model simulations comprised also the understorey. In Table 2 , the average f APAR over the observation days is given for each site.
The number of missing daily values was notable only for GPP: at Sodankylä, NOBS, Abisko, Brasschaat and Teshio, more than half of the daily GPP values per year were missing on average. For above-canopy PPDF, air temperature and VPD, not >20% daily values were missing at any site in any year. At Zotino, only data for Julian days 150-250 were available.
Contrary to area-based leaf nitrogen content, dry-massbased leaf [N] varies fairly little within the tree canopy (Niinemets 2007) and could therefore provide a better basis for correlating tree canopy [N] and maximum LUE. Determination of representative mean leaf [N] for a tree canopy is still laborious, especially in a forest with a heterogeneous canopy structure, as [N] varies along with species. For this reason, data availability and quality varied between sites. The site-specific values of dry-mass-based mean leaf [N] used in this study, and information on their estimation, are given in Table 3 .
Results
Potential LUE
The mean potential LUE of mixed/deciduous species was 0.63 g C mol −1 higher than the mean of coniferous sites, 0.53 g C mol −1 (P = 0.06) ( Table 4) . Across all sites, potential LUE estimates ( β s ) significantly correlated with canopy mean [N] (P = 0.043) (Figure 2 ), but no correlation was found between β s and growing season mean T, VPD or ϕ, indicating that f S , f D and f L functions represented these sources of variation. In additional regressions where the effect of [N] on P max was studied, canopy mean [N] had a weakly significant effect onγ s (P = 0.07) when β was shared. Neither γ s nor β s correlated significantly with [N] when they both were set site specific (Figure 3) .
The site-to-site variability in β s due to variation in [N] was best explained by a nearly linear shape taken by the unsaturating f N -model (Model 4) in the non-linear regressions of Models 3-6 (Table 5) All of the models involving a canopy mean [N]-LUE relationship gave worse fits to the data than Model 1, whereby β s was allowed to vary by site (Table 4 ). Fitted LUE model with [N] (Model 3) performed reasonably well (R 2 > 0.8) on sites SD, HY, NOBS, BA and SO in comparison to Model 1, but had poorer performance at the other sites (Figure 4) . Within seasons, Model 1 had a tendency to underpredict GPP when GPP was high, and overpredict GPP when GPP was low ( Figure 5 ). Other models shared the same seasonal trends in residual errors, as shown in Figure 5 for Model 3. The differences between predictions of Model 1 and other models were systematic throughout the season, implying that fitted f N -modifiers could not properly explain site differences in GPP levels.
Maximum actual LUE
Similar to β s , mean B s at deciduous/mixed sites (0.60 g C mol −1 ) was larger than that at conifer sites (0.43 g C mol −1 ) (P = 0.03) ( Table 4) . Across all sites, maximum actual LUE (B s ) was correlated with canopy mean [N] (P = 0.022) and also by mean growing season VPD (P = 0.004, Figure 6 ). The correlation coefficient of mean growing season VPD and canopy mean [N] was −0.53 across sites and it was significant (P = 0.04). Annual or growing season mean temperature (r = −0.17, P = 0.56), LAI (r = 0.07, P = 0.8) and latitude (r = 0.00, P = 0.9) did not significantly correlate with B s . Mixed and deciduous sites had higher mean [N] (1.95%, compared with 1.1% for conifers) and lower mean VPD (0.36 kPa; conifers: 0.61 kPa). Mean growing season VPD significantly correlated with B s in the conifer sites (P = 0.03) but [N] did not (P = 0.11). Significances of regression coefficients were not sensitive to the selection of percentile used in the estimation of maximum actual LUE in the range 95-100%.
The days from which B s values were estimated [i.e., between percentiles [98, 100)] had high mean f D and f S at every site. Their averages and standard deviations were 0.92 ± 0.04 (corresponds to VPD = 0.27 kPa) and f S (0.96 ± 0.05, T air = 12.3 °C). The corresponding average estimate for f L Variation in canopy light use efficiency across 14 contrasting forest sites 207 (Figure 7 ). When B s was estimated from subsets of low ([2, 25) mol m −2 ), medium ([25, 50) mol m −2 ) and high ( > 50 mol m −2 ) PPFD days, the mean B s in the low PPFD subset (0.53 ± 0.03(SE)) was closer to the mean of β s (0.56 mol m −2 ); means of B s for medium and high PPFD subsets were 0.38 ± 0.03 and 0.24 ± 0.03, respectively. All estimates in these classes differed significantly from each other (P < 0.0003, pairwise t-tests).
The slopes of canopy mean [N] for the B s estimated for low and medium PPFD subsets significantly differed from zero (Figure 8 ). When regressions of B s with [N] for low, medium and high PPFD days were compared, the slopes of [N] for the high and medium PPFD subset did not differ significantly from the slope of [N] for the low subset (P > 0.42, nested ANOVA).
Discussion
We hypothesized that maximum LUE is not influenced by canopy mean [N] because incident PPFD is low when high LUE occurs. This hypothesis was not confirmed by the data from 14 different eddy-covariance sites. Instead, maximum LUE depended similarly and linearly on [N] at all levels of incident PPFD.
Across all sites, our estimates of the LUE-[N] effect indicated that canopy LUE increased by 23% when canopy mean [N] changed from 1 to 2% (for β s ; 40% for B s ), which is somewhat less than could be expected from previously published estimates for deciduous and conifer forests (48%; Kergoat et al. 2008 ). All of these changes are considerably smaller than previously estimated for mass-based canopy mean A max when canopy [N] changes from 1 to 2% (210% under 'full-sun'; Ollinger et al. 2008) . Using data published by Wright et al. (2004) , for trees worldwide, a change of massbased leaf [N] from 1 to 2% would suggest an approximately twofold increase in mass-based leaf A max . Our study also implied a weak relationship between [N] and canopy P max (as defined in Eq. (6) efficiency (= β/N invested in photosynthetic tissues), it is interesting to note that the modest slopes detected here and by Kergoat et al. (2008) suggest that canopies with high N are less efficient in using N than canopies with low N (under optimal conditions).
What could cause such an increase of maximum LUE with canopy N, and explain the increases in B s with [N] under all levels of PPFD (Figure 8) ? The quantum yield has not been reported to vary with leaf N, but there is plenty of evidence of an A max -N relationship (Reich et al. 1997 , Wright et al. 2004 . It seems that canopies transfer the leaf-level A-N response that saturates at high PPFD to the canopy level, such that the maximum LUE of the canopy increases linearly with mean canopy [N] . One could expect that if leaf-level A max -N generated the linear N response of LUE at the canopy level, the maximum LUE-[N] relationships would get stronger at high irradiance. However, it is possible that this relationship becomes weak due to compensating mechanisms related to absorption of PPFD that presumably aim at maximizing GPP at the canopy scale.
The fraction of PPFD absorbed by the canopy is partially dependent on leaf morphological properties, such as leaf N and LMA (leaf mass per area) and how they, leaf area, and leaf and shoot orientations are distributed within the canopy. Leaflevel traits such as LMA and [N] tend to be correlated (Reich et al. 1997 , Wright et al. 2004 , and there is also evidence that at least some leaf traits change in concert with canopy depth. Photosynthetic photon flux density absorption to chlorophyll should also change with canopy depth, thus contributing to the overall compensation mechanism. Increasing absorptance with [N] has also been attributed as a primary cause for a reported apparent increase in quantum yield (Pons et al. 1989 ). The absorption-[N] relationship has led some authors to define LUE relative to the chlorophyll content of the canopy instead of LAI, because the fraction of absorbed PPFD increases with increasing [N] due to higher chlorophyll concentration of leaves (Xiao et al. 2005 , Xiao 2006 ). Detailed simulation studies of canopy photosynthesis with measured material would be useful in resolving how the effects of mean canopy [N] are reflected to canopy maximum LUE. Optimization models that can predict the coordinated change in leaf traits through the canopy (McMurtrie and Dewar 2011) offer a tempting opportunity to study how and under what circumstances maximum LUE emerges if canopy performance (GPP, NPP or related variable) is maximized in the long term.
There are several sources of uncertainty in these kinds of cross-site studies, which may influence the slope of the maximum LUE against [N] . Part of the between-site variation in estimated potential LUE and maximum actual LUE can be attributed to differences in ground vegetation and the uncertainty it causes in f APAR estimation. Eddy-covariance measurements provide estimates of ecosystem GPP, including the contribution of ground vegetation, whereas f APAR was here estimated for tree canopy only, due to lack of data on understorey (except at Brasschaat, the effect of ground vegetation, consisting mostly of rhododendrons, black cherries and purple moorgrass and contributing to the total LAI approximately as much as the dominating Scots pine and pendunculate oak trees, was included in the model simulations from which f APAR was estimated). Ignoring ground vegetation naturally results in the coniferous site of Bray: At Abisko, the heath-type field layer together with grasses, mosses and lichens had a larger peak value of LAI than the open mountain birch canopy (1.5 vs. 1.1 m 2 m −2 ); see Johansson (2006) and Lindroth et al. (2008) . At Sorø, there was flourishing ground vegetation in April before beech bud-break, mainly composed of wood anemone and dog's mercury (Pilegaard et al. 2003) , which probably contributed to the early peaking of ecosystem GPP and its relatively high maximum value (see Figure 6 ; compare, e.g., with Tharandt). At Teshio, the LAI of the dense bamboo undergrowth clearly exceeded that of trees in the full-growing period (4.0-4.5 vs. 3.0 m 2 m −2 ), but both the storeys followed a similar strong seasonal pattern (Takagi et al. 2009 ); on the basis of measurements made after the clear cutting of the site in 2003, the bamboo undergrowth could be estimated to yield ~1/3 of the total ecosystem GPP (Takagi et al. 2009 ). At these sites, f APAR was probably underestimated, as it was computed from PPFD measurements taken above and below the canopy. Judging from the results, however, only Teshio and Sorø appeared to suffer from an overestimation bias in potential and maximum actual LUE (Figure 9 ). At the Bray maritime pine site, there was dense purple moorgrass vegetation with pronounced annual pattern and peak LAI comparable to half of the tree canopy (Loustau and Cochard 1991) . Here the estimate of tree canopy f APAR was taken from the literature (Hassika and Berbigier 1998) and involved not only radiation 212 Peltoniemi et al. absorption by needles but also that by stems and branches. This can be thought to compensate for some of the ground vegetation effect. Consequently, potential and maximum actual LUE were not necessarily overestimated at Bray. Besides ground vegetation, there are other potential sources of uncertainty in f APAR estimation, such as spatial heterogeneity (clumping, patchiness) of the forest in the eddycovariance footprint and change in solar elevation within a year. At sites where the f APAR estimation was based on PPFD measurements above and below the canopy (Norunda, Tharandt, Abisko, Renon, Sorø, Teshio and Wind River), several sensors were placed within the footprint if the forest was considered spatially heterogeneous. At Brasschaat, where the f APAR estimation was based on model simulations (Duursma et al. 2009 ), solar elevation was explicitly included in the model and the assumption of random spatial distribution of trees, also included in the model, was considered realistic. At sites where the f APAR estimates were taken from the literature (Sodankylä, Hyytiälä, Bray, Metolius, NOBS and Zotino), the forests in the footprint are relatively homogeneous, and there seems to be no obvious reason to suspect a bias in the f APAR estimates.
The low estimates of potential LUE in Renon and Wind River (Figure 9 ) are related to the poor fit of the Prelued model at these sites (Figure 4) , rather than to overestimation of f APAR (at both sites, f APAR estimation was based on PPFD measurements above and below the canopy). Both are somewhat exceptional sites, Renon due to its high altitude (1730 m) and Wind River Variation in canopy light use efficiency across 14 contrasting forest sites 213 Figure 9 . Estimated potential LUE ( β s ) and maximum actual LUE B s with respect to mean daily fraction of PPFD absorbed by the canopy (f APAR ) (top panels) and mean annual GPP (middle panels), and mean annual GPP with respect to (f APAR ) (low panel).
at Oxford Journals on September 6, 2013 http://treephys.oxfordjournals.org/ Downloaded from due to its high age (up to 500 years) and complex canopy structure. At Renon, the low estimate of potential LUE may be partly explained by CO 2 advection that was not taken into account (Marcolla et al. 2005 , Montagnani et al. 2009 , Feigenwinter et al. 2010 , which leads to underestimation of GPP. Although NOBS, too, is non-standard with poor soil and paludified areas in the vicinity, the low estimate of potential LUE there may be partly due to f APAR overestimation, as the Prelued model gave a reasonable fit (the f APAR value was taken from the literature; see Mäkelä et al. 2008) . The low estimates of maximum actual LUE at Metolius, NOBS and Zotino (Figure 9 ), in turn, suggest continuously suboptimal conditions for photosynthesis: the limiting factor seems to be water, as these sites have the highest values of VPD during the growing season ( Figure 6) .
Estimation of GPP from eddy-covariance NEE also creates a potential source of uncertainty in determining potential LUE and maximum actual LUE. Gross primary production was not measured directly but derived by subtracting estimated TER from measured NEE; TER, in turn, was estimated by extrapolating the observed regressions of night-time NEE on temperature to daytime. Based on Desai et al. (2008) , Duursma et al. (2009) estimated the uncertainties of GPP arising from different TER models to be 5% of daily GPP. Using this estimate directly for maximum daily LUE may be optimistic, but it leads to an uncertainty between 0.015 and 0.04 g C m −2 mol −1 . The variation in the maximum LUE between the sites in this study was more than one magnitude larger. Besides the extrapolation uncertainty, site-specific underestimation of night-time NEE can also be a source of error in eddy-covariance GPP.
The estimates of canopy mean foliar [N] available to this study contained some uncertainty: the number of trees and leaf samples per tree, the choice of location and the age of leaves to be sampled within a tree, and the timing of sampling varied between the sites (Table 3) . Nonetheless, the values accorded with our general understanding in that deciduous/ mixed sites had higher canopy mean [N] than coniferous sites; at the mixed site of Brasschaat, however, foliar [N] was measured in Scots pine trees, the dominating species in the tower footprint, and the high value could be due to a long-term exposure to high N deposition rates in the area (Neirynck et al. 2008) . The usage of mass-based [N], instead of area-based [N] that has been reported to vary more within a canopy (Niinemets 2007) , gained further support from Hyytiälä observations, where no significant variation was found in needle [N] with respect to canopy depth (Palmroth and Hari 2001 and unpublished measurements; see Table 3 ).
At some sites of this study, measurement years of canopy [N] and eddy covariance did not coincide (Tables 2 and 3 ). In principle, stand development and between-year variation in environmental factors could cause variation in canopy [N] . At our sites with fairly mature stands and stable GPP, variation related to stand development was probably negligible. Delzon et al. (2005) did not find significant variation in needle [N] with stand age in a maritime pine chronosequence. Moilanen et al. (2010) studied the effect of time elapsed from drainage of a Scots pine mire ecosystem and did not find a change in needle [N] . In conifer species, the effects of nearly random weather-driven interannual variation may be suppressed by internal translocation, as canopy [N] is a composite of two or more needle cohorts. Consistently with this hypothesis, Helmisaari (1990) found no significant between-year variation in needle [N] in a mature Scots pine stand. Diehl et al. (2008) did not find significant differences in foliar [N] between dry and wet years in broadleaved species, broadleaved evergreen species or conifer species in Andean Patagonia either. Within-season variation in photosynthesis and growth could also give rise to within-season variation in foliar [N] , especially in broadleaved species. In a mature Scots pine stand, however, Helmisaari (1990) reported insignificant seasonal variation of [N] in 1-year-old needles, and ~10% difference between the seasonal minimum and maximum [N] in older needles.
Ground vegetation was discarded not only when estimating f APAR but also when determining canopy mean [N] . This is likely to confound further the relationship between canopy mean [N] and ecosystem potential or maximum actual LUE. At Teshio, which had a dense bamboo understorey canopy, the mean foliar [N] of the understorey was higher than that of the tree canopy (~1.9 vs. 1.6%; see Fukuzawa 2007) . If this, and the probable overestimation of the LUE parameters at Teshio, had been accounted for, the dependence between nitrogen concentration and LUE parameters among all the sites would likely have strengthened (Figures 2 and 6) .
It is very difficult to account for all variation in foliar [N] within tree canopies to produce an unbiased estimate for the canopy mean [N] over time and space. Harmonized guidelines for leaf sampling would be needed for producing comparable [N] estimates for cross-site comparisons and studies. However, as such measurements are lacking, we evaluated the sensitivity of our maximum LUE-[N] regressions with simulations by adding normally distributed uncertainty to our [N] estimates (CV = 5%); for β s and B s , standard deviations of the mean of β s from Table 5 were used. In 54.6 and 91.8% of the simulated cases, β s - [N] and B s -[N] regressions were significant (P < 0.05), respectively, and in 95.1 and 99.9% they were weakly significant (P < 0.1). The uncertainties involved in our estimates of maximum LUE and canopy mean [N] therefore do not explain the significant correlation that we found between them.
Gross primary productivity varies remarkably over large regions. Part of this variability could be explained by the spatial changes in the maximum LUE parameter, and specifically by nitrogen, as shown by our study. Earlier, site differences in maximum LUE have also been related to climatic means (Kergoat et al. 2008 ). We did not find such relationships for potential LUE, although we found a relationship between growing season mean VPD and maximum LUE. The likely reason for this is that, besides explaining the effects of daily weather variation, environmental modifiers also explained differences in climatic means.
Our results suggest that the maximum LUE is linearly correlated with canopy [N] , such that a linear increase of GPP with [N] is present irrespective of the irradiance level. Contrary to a widely held view, therefore, the effect of [N] does not appear to be limited to high PPFD days only, where it is thought to take place through a leaf-level A max - [N] relationship. This has considerable implications on modelled productivity estimates, e.g., when evaluating the long-term effects of N-deposition, or when incorporating spatial variation of [N] in regional or global productivity models operating on remotely sensed input. 
